We have validated a quantitative 'in-situ' hybridization method and computer-assisted image analysis of autoradiographs as a technique for measuring atrial-natriuretic-factor (ANF) mRNA in tissue sections of rat heart by: (i) producing radioactive standards to calibrate the autoradiograms and (ii) assessing: (a) specificity (through RNAase A background subtraction, comparison of ANF mRNA and non-ANF mRNA probe binding to sections, Northern analysis and section-thickness titration curves); (b) sensitivity (by calculating the limit of detection for ventricular levels of ANF mRNA); (c) precision [inter-assay CV (coefficient of variation) less than 10% ; intra-assay CV 6-7 %]; and (ad) accuracy. We have found with this technique that deoxycortone and saline treatment of rats elevates ANF mRNA to a larger extent in the ventricles than in the atria and that, in neonatal-rat hearts, ANF mRNA is elevated in all cardiac chambers relative to adult levels.
INTRODUCTION
Atrial natriuretic factor (ANF) is a circulating 28-amino-acid peptide present as a propeptide in storage granules in cardiac atria and, to a lesser extent, in the ventricles. It may be an important natriuretic factor controlling salt and water balance [1] [2] [3] [4] [5] [6] . The measurement of specific ANF mRNA may demonstrate factors regulating ANF secretion through alteration of gene expression in the heart. Blotting methods have been used to determine the steady-state levels of these transcripts in various conditions [7] [8] [9] [10] [11] [12] [13] [14] [15] . The aim of our studies was to develop 'in-situ' hybridization as a quantitative technique allowing small changes in specific ANF mRNA levels to be measured and localized in single sections of the heart. This paper describes the validation of the procedure and, as part of this, a comparison of (1) hearts from vehicle-and deoxycortone/saline-treated rats, and (2) hearts from adult and neonatal rats.
MATERIALS AND METHODS Rats
Adult male Porton-Wistar rats (Charles River) weighing 300-350 g were divided into two groups 4 weeks before removal of the hearts. The control animals were kept on water throughout, but the treatment group received only 2 % (w/v) saline to drink and were administered one intraperitoneal 5 mg injection of deoxycortone pivalate (Ciba-Geigy) at the start of the salt-loading period. The neonatal pups of the same strain were used 3 days after birth.
Immediately after the rats were killed, the hearts were rapidly removed and frozen on to specimen holders. Longitudinal frozen sections, 10,um thick, were thawmounted and quickly dried on to gelatin-treated slides, which were then stored at -70°C until used.
Probes ANF-mRNA-directed probes. (a) A 42-mer synthetic oligodeoxyribonucleotide probe (G+ C content = 64%) complementary to the mRNA coding for ANF-(103-116)-peptide [16] was purified by denaturing PAGE and passage through a mini DEAE-cellulose anionexchange column.
The 35S-labelled dCMP 3' end-tailed ANF probe was produced by using deoxycytidine 5 [17] These synthetic oligonucleotides were purified and 3'-end-tailed with terminal transferase.
Northern analysis
Total cellular RNA was extracted from adult rat heart by a modified guanidinium isothiocyanate method [18] and stored in ethanol at -20 'C.
After [19] .
The autoradiograms were quantified by comparison with a calibrated 35S radioactive scale co-exposed with the hybridized sections [20] . The integrated diffuse photographic optical density (POD) and area were measured for each standard to calculate radioactivity in d.p.m./mm2, and a calibration curve (natural logarithm of the POD density versus radioactivity) was generated for each film (an example of which is shown in Fig. 1 ).
The POD of discrete regions in the atria and ventricles were. measured and converted into the amount of radioactivity bound to the tissue section by interpolation from the standard curve. The image of the non-specific binding of the probe to an adjacent section treated with RNAase A was digitally subtracted from the 'total' image to obtain the amount of probe bound to RNAase-digestible sites ('specific' hybridization). Quantitative 'in situ' hybridization of atrial-natriuretic-factor mRNA All results have been converted into units (amol/mm2) of 'specifically' bound probe by using the equation:
where SR is the specific radioactivity of the probe (d.p.m./amol) at the midpoint of exposure of the sections to the autoradiographic film.
Statistical analysis
Data were shown to have a high correlation with normality by using the Shapiro & Francia probability plot correlation test for non-normality [21] . Results were analysed using the unpaired two-tailed Student's t test. Transformed data were compared with the MannWhitney U-test.
The results of the effect of increasing section thickness and probe concentration were subjected to linearregression analysis. Testing for significance revealed that linearity was lost at the highest concentration used. The data were truncated one point at a time until a linear model could be accepted. Linearity was confirmed by examining the plots of the residuals. 9500 confidence intervals (CI) for the slope and intercept were calculated.
RESULTS AND DISCUSSION
The 'in-situ' hybridization protocol used in the present study has been based on the extensive work performed by others on the factors required for optimal results (e.g. see [25] [26] [27] [28] ), but previous studies have quantified probe binding by counting the number of silver grains [26, 29, 30] . However, numerous factors affect the response of the emulsion to radiation and, as a result, measurement of grain density is difficult to make with precision [29] . These factors can be controlled for, or avoided, by coexposing the radiolabelled sections with a set ofcalibrated standards that closely resembles the experimental source. As single-cell resolution was not required, we have measured POD in film-based emulsions by computerassisted image analysis. The POD is then converted into absolute amounts of radioactivity bound by using a standard curve, unlike other studies which have expressed results in relative quantities of probe binding [26,31, [33,34], even though double-stranded RNA is relatively resistant [22] .
Northern analysis of total cellular RNA from adult rat heart using the 42-mer ANF mRNA probe is shown in Fig. 2 . There is a single major band of radioactivity corresponding to the expected position of cardiac ANF mRNA [7, 9, 17] . The absence of banding at the positions of rRNA and tRNA suggests that the probe does not interact with these within the tissue section. However, tRNA (and 5 S rRNA) may remain solubilized during acetate/ethanol precipitation [36] . Nevertheless, these polynucleotides are predominantly double-stranded, and non-specific hybridization to them should be low.
The effect of increasing cryostat section thickness on 'specific' hybridization is shown in Fig. 3 -2.13 ). This suggests that (a) increasing section thickness raises the total amount of RNA/unit volume, (b) in the ventricles, ANF mRNA forms a smaller proportion of total RNA than in the atria, and (c) the probe is only hybridizing with this specific mRNA [22] . The ratio of the atrial to ventricular slopes is similar to the differences between atrial and ventricular mRNA measured (in arbitrary units) by blotting methods [8, 9, 13] . Sensitivity Effective probe excess was achieved by varying the concentrations of the ANF mRNA probe used. Fig. 4 shows the results using the same 42-mer ANF mRNA probe labelled by two (1) and (2) we have calculated that the limit of detection is less than five copies of ANF mRNA/cell, which is comparable with that achieved with solution hybridization (< 5 transcripts/cell). These calculations indicate that our technique is considerably more sensitive than blotting methods, which have either been unable to detect ventricular ANF mRNA [7, 11, 12, 17] or require pooled extracts from several hearts in order to do so [8] .
In addition, there is no disruption of anatomical integrity, and we avoid the need for the large cDNAs required for solution hybridization or 32P-labelled probes which give less precise tissue localization (D. J. Nunez & P. C.
Emson, unpublished work). Precision
The intra-assay coefficient of variation (CV) for two sets of serial atrial sections was 5.7 and 6.7 %, and, for the corresponding ventricular sections, 5.7 and 6.6 %. . . -w , : > . .
. ; x -. . . . . . . . % -s . . . . . , . S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . The interassay CV was less than 10 %. These compare favourably with those of other assay methods, such as radioimmunoassay, and are critical to dispelling the current view of the value of 'in-situ' hybridization only as a qualitative technique. Accuracy
The lack of a fully validated alternative method for measuring specific ANF mRNA has made it difficult for us to ascertain the accuracy of our results. Conventional blotting and solution hybridization techniques, as methods for quantifying specific mRNA, have an accuracy which is not easily quantifiable, owing to unknown and perhaps variable factors such as extraction and transfer losses and hybridization efficiency. We are unable to assess our efficiency of hybridization or quantify the loss of mRNA during section preparation, storage, fixation and hybridization, but the latter is probably small [27, 28] , and this contributes to the low variation of our measurements. We have not directly compared results obtained with our technique and those produced by these other methods.
Recently we have found internal consistency between the results with two oligonucleotide probes complementary to different regions of the ANF mRNA (D. J. Nunez, unpublished work). In addition, the similarity of our results concerning changes in ANF mRNA expression under various circumstances with those reported using pooled cardiac mRNA is also reassuring.
ANF mRNA Fig. 5 shows typical examples of the autoradiograms obtained with the 42-mer ANF probe after hybridization to normal adult-rat heart. The POD of the images increases with increasing probe concentration (Figs. 5a and 5c) and section thickness (Figs. Sd-Sf). Binding to an RNAase-treated section is very low, without a difference between atria and ventricles (Fig. 5b) . The effects of mineralocorticoid/saline treatment on the autoradiographical images obtained after hybridization with the ANF mRNA probe are shown in Fig. 6 . The adult control atria (a) bind the highest amount of probe with lower binding in the ventricles (v). In the mineralocorticoid-treated, saline-loaded rat, the levels in the atria and ventricles are elevated compared with controls.
The data on ANF mRNA levels ( Fig. 7 In the control rat heart (a), the atria (a) bind the highest amount of probe with detectable, but lower, binding in the ventricles (v) . In the mineralocorticoid-treated, saline-loaded rat (b), levels in the atria and ventricles are elevated compared with controls. 
